As increasing numbers of photovoltaic (PV) systems are connected to utility systems, distribution engineers are becoming increasingly concerned about the risk of formation of unintentional islands. Utilities desire to keep their systems secure, while not imposing unreasonable burdens on users wishing to connect PV. However, utility experience with these systems is still relatively sparse, so distribution engineers often
Introduction
An island is any stand-alone power system with its own generation and loads operating in balance. Islanding itself is not necessarily undesirable, but unintentional islanding can have undesirable impacts on customer and utility equipment integrity. If the unintentional island is sustained for a significant period of time, personnel safety could become a concern. For these reasons, unintentional islanding must be prevented. Applicable standards such as IEEE 1547 and IEC 62116 require that a DG detect an islanding condition and cease to energize within 2 s, even in the worst-case condition of very close load-generator balance. For this reason, DG equipment connected to the lower-voltage parts of utility systems usually incorporates islanding detection and prevention schemes, or so-called "Loss of Mains Detection" (LOMD), of varying levels of sophistication. Interconnection procedures applicable to commercial and residential PV systems require that the utility interface (the inverter itself in most cases) be certified specifically for LOMD. Existing LOMD certification tests, including UL 1741, are applied to a single inverter connected to an RLC (resistive-inductive-capacitive) circuit where real power demand matches the inverter output, and the capacitive and reactive elements are resonant at 60 Hz with a circuit quality factor of 1.0. In practice, the certification effectively rules out the possibility of unintentional islanding in the vast majority of cases, but not all.
To understand how an unintentional island may form, consider the schematic representation shown in Figure 1 . This figure shows a DG at the left, which in this case is labeled as a PV system; a local load; a circuit interrupter, indicated by the switch; and the utility, represented by the voltage source labeled "Grid V." The PV plant is an inverter-based DG controlling output current magnitude and phase with respect to terminal voltage. In order for this system to enter a sustained unintentional island when the switch is opened, the fundamental-frequency grid current i grid must be nearly zero at the moment when the switch is opened. This means that the PV output and the local load demand must match closely in terms of both real and reactive power. If this is not the case, either the voltage or the frequency will quickly drift outside of normal operating range when the switch opens, and the Loss of Mains condition is detected. If such a balance does exist, then the island may "self-excite," in the sense that the PV output current flowing into the load creates a voltage V load that appears sufficiently similar to the grid voltage that the inverter cannot tell the difference. In that case, LOMD may fail, and the loading condition that could result in unintentional islanding is referred to as a non-detection zone (NDZ). In a way, the extent of the NDZ is a measure of the effectiveness of the anti-islanding scheme. In general, passive methods have great difficulty eliminating all NDZs because it is difficult to find thresholds or patterns that are totally unique to islanding, and do not occur under normal operating conditions. Thus, passive methods usually involve a tradeoff between the extent of the NDZ and the rate of occurrence of nuisance trips. The behavior and performance of passive methods is difficult to predict when multiple inverters are present in the potential island.
• Active methods. Effectively, active methods are similar to passive methods in that the inverter watches for some threshold to be exceeded. The difference is that the inverter takes an active role in driving the system state toward that threshold. Active methods are generally more successful in LOMD than passive methods because they tend to destabilize the potential island by making the generation-load balance more difficult to achieve. Active methods include the following:
o Impedance detection. In impedance detection, the inverter periodically perturbs its output current and checks to see whether there is a corresponding change in voltage, thereby measuring the source impedance as seen from the inverter. If the detected impedance is too high, the inverter trips. o Positive feedback based methods, such as the Sandia Frequency Shift (SFS) or Sandia Voltage Shift (SVS). In these methods, the inverter employs positive feedback on voltage or frequency. If the inverter detects a change in one of these parameters, it attempts to "push" on that parameter in the same direction, trying to drive it out of bounds. If it can, the inverter trips. o Impedance detection plus positive feedback. Most commercial inverters today use some variant of this technique, in which the benefits of positive feedback are combined with the benefits of impedance detection. This method has been vetted in simulation, laboratory tests, and field deployments.
• Communications-based methods. In these methods, communications are used to send utility status information back to the inverter. Communications-based methods include the following:
o Direct transfer trip (DTT). In DTT, the utility's breaker or other isolation device is tied to a transmitter that sends the breaker's status to the DG. o Power line carrier communications (PLCC). PLCC is a form of DTT in which the communications channel is the power line itself. o Integration of inverters into utility SCADA. o Synchrophasor-based methods [4] .
Where Can Islands Form?
In this document, the phrase "potential island" is used to describe some section of the local electric power system (EPS) that can be isolated and that contains DG and loads. Theoretically, any subsection of the local EPS that contains both a DG and loads, and can be fully isolated from the utility voltage source by automatic protection/control or operator action, could be considered a potential island. If a particular feeder contains downstream reclosers, sectionalizing switches, or other circuit interrupters, the section of the local EPS that is isolated by these devices would be a "potential island" as defined in this document. Also, again in theory, if a PV system is within the customer premises, the customer premises themselves could be a potential island.
Cases in Which the Possibility of Unintentional Islanding Can Be Ruled Out
There are several cases in which the literature, accumulated experience, and physical reasoning suggest that islanding is so unlikely as to be considered impossible for all practical purposes. Those cases include the following:
• Cases in which the aggregated nameplate AC rating of all DG systems within the potential island is less than some fraction of the minimum real power load within the potential island. If PV is the only type of DG in the potential island, then the value that should be used is the minimum load during daylight hours. Considering that load and PV output both rise during the morning hours, the time at which the fraction of PV output to load may realistically become meaningful is not sunrise, but rather closer to 10 a.m., at which point feeder load is well above absolute minimums. In the case in which the aggregate DG rating is below the specified loading fraction, after the switch opens, the load's voltage (V load in Figure 1 ) will quickly drop. Theoretically, the definition of "some fraction" would be 77% (88% squared), because below this level, the voltage should drop to less than 0.88 p.u. and the inverter would enter a regime in which IEEE 1547 requires a 2-second trip, but this is strictly true only for impedance loads. A practical screening rule may be to say that a sustained island is not possible if the sum of the AC nameplate ratings of all the DG in a potential island is less than 2/3 of the minimum feeder load within the potential island. The 2/3 fraction is somewhat conservative and easy to remember. This screening rule assumes that reliable data on minimum load exists, which of course is not always the case. It is important to note that if IEEE 1547 is changed to allow low-voltage ride through (LVRT) capability, this criterion will need to be revisited.
• Cases in which it is not possible to balance reactive power supply and demand within the potential island. In order for an island to be sustained, both the real and reactive power demand of the load and power system components must be satisfied. Since most loads and power system components absorb VArs, there must be a source of VArs in the potential island in order for islanding to be sustained. The most obvious VAr source is capacitance, which may be deliberately added for power factor correction or may arise as a parasitic from underground cabling. Most of today's PV inverters are designed to operate at unity power factor, but, increasingly, larger inverters are being equipped with the ability to operate at a fixed power factor according to a schedule or command. In this case, the inverters may source or sink VArs. If the load VAr demand is larger than the VAr sources in the island, then the risk of a sustained run-on is very close to zero, because the frequency within the island will quickly rise beyond the IEEE 1547 mandated limit of 60.5 Hz. The mechanism of this frequency change is the phase locked loop (PLL) used by the inverters to synchronize to the grid frequency. (Not all inverters use an actual PLL, but they all do have some kind of synchronization mechanism, and these behaviorally are roughly equivalent to an actual PLL, so the discussion here holds in all cases.) When the grid source is lost, the PLL will change the frequency of the inverters' output current to bring the inverters' voltage and current into whatever phase relationship the PLL is programmed to maintain (usually, zero). If there is VAr imbalance in the island, that steady-state frequency will lie above 60.5 Hz. Most of today's inverters use active anti-islanding that incorporates positive feedback on frequency. Because of this, there must be an exceedingly close VAr balance in order for islanding to be sustained [5, 6] . The term "exceedingly close" is quantified below.
• Cases in which DTT is used. Note that "power line carrier permissive" (PLCP), in which a power line carrier signal is used for island detection, is included here as a form of DTT. If DTT is properly implemented, only a failure of the DTT communications system would result in a failure to detect an unintentional island.
Other forms of communications-based anti-islanding, such as SCADA and synchrophasor-based methods, may also fall into this category if future accumulated experience suggests that they are sufficiently effective. In some cases, DTT implemented on a dominant large DG [M1] within the potential island is sufficient to rule out the possibility of unintentional islanding..
Cases in Which Additional Study May Be Considered
There are several cases that are known to be difficult for LOMD methods to detect. These include the following:
• Cases in which the potential island contains large capacitors, and is tuned [M2] such that the power factor within a potential island is very close to 1.0 [1] [2] [3] . Under common deployment situations, a small amount of reactive power imbalance is sufficient to rule out the possibility of unintentional islanding. Reference 5 suggests the following screening procedure for determining when there is sufficient capacitance in a potential island to trigger additional study, assuming that (a) all of the inverters in the potential island are from the same manufacturer, and (b) there is little impedance between the inverters:
1. Based on PV forecasts and daylight-hours load data, determine the range of PV power levels at which the PV is producing more than 2/3 of the load demand in the potential island. 2. Calculate the expected reactive power draw of the load at this matching condition, Q load :
Eq. (1) where P match is a power level at which PV-load matching is likely and pf is the expected power factor of the feeder or load section (including losses) at this condition, again based on the historical load data. If the sum of Q load and Q PV (the PV system's VAr output, with absorption being positive and consumption being negative) is within 1% of the capacitor's VAr rating for any expected value of P match , this indicates that the capacitor's VAr output could match the load demand, and further study may be advisable. In equation form, this criterion is:
Eq. (2) Past results suggest that the 1% matching requirement is quite conservative for inverters incorporating positive feedback on frequency. If the inverters do NOT use positive feedback on frequency, then a larger value should be used and further study may be prudent.
• Cases with very large numbers of inverters. The literature indicates that the speed with which inverters detect an island degrades as the number of inverters in the island increases [5] [6] [7] [8] , and that the amount by which the effectiveness decreases depends on both the specific anti-islanding method used [9] and on the configuration of the potential island [5, 6] . The definition of "very large number" depends on several factors. Results to date suggest that there is little to no degradation in LOMD performance, if (a) all of the multiple inverters use positive feedback-based LOMD, and (b) the interconnecting impedances between the inverters are low. An example of such a deployment may be a commercial installation using multiple inverters on a common distribution transformer. In such a case, even feeders with more than 20 inverters still reliably trip within IEEE 1547 mandated limits. Multi-inverter problems seem to arise when:
o different types of LOMD are mixed, which can occur when inverters from several different manufacturers are used together (see below); or o when there is significant interconnecting impedance between the inverters. "Significant" in this context is difficult to define; however, as a rule of thumb, results to date suggest that this effect can be significant if there is a difference in fault currents of more than a factor of three between any two PV point of common couplings (PCCs). This can occur if two PV plants are connected to the feeder via separate transformers and are separated by a considerable length of line.
• Cases with inverters from several different manufacturers [8] [9] [10] . Some studies have found that mixing different types of LOMD, or even mixing inverters with the same type of LOMD but different implementations, leads to a degradation of islanding detection effectiveness in the multi-inverter case. This situation could represent a case in which a multi-inverter installation uses units from several different manufacturers.
• Cases including both inverters and rotating generators [4] . If a potential island includes both rotating and inverter-based DGs, the case should be scrutinized carefully. It has been shown that the rotating generator, particularly if it is a synchronous machine, can lead to greatly increased run-on times for the inverter-based DG because the synchronous machine simply looks too much like the grid for the inverters to be able to tell the difference. Similarly, some of the most common anti-islanding methods used in synchronous machines, such as positive feedback based or governor clustering methods [11] , are largely defeated by the much faster action taken by inverter-based DG.
Screening Tool
The screening tool in Figure 2 can be useful in assisting a distribution system engineer in determining whether there is any realistic probability of a failure of LOMD for a given DG plant. The screening tool summarizes the preceding discussion in a graphical format, and runs through a list of criteria for determining when a possible risk of LOMD failure justifies additional study of the problem. The screening tool itself never suggests that islanding is a problem; instead, it indicates when additional study would be prudent to determine whether islanding is a problem that warrants additional protective measures, such as DTT or more restrictive trip setpoints.
The numbers given in the screening tool are conservative guidelines, based on a considerable amount of accumulated experience. Of course, no set of values could accommodate every situation, and the utility distribution or protection engineer must exercise his/her judgment when evaluating any specific situation. When in doubt, additional study is recommended. References to load refer to daytime periods for PV.
